Abstract--Although the earliest-rudimentaryattempts at exploiting the immune system for cancer therapy can be traced back to the late 18th Century, it was not until the past decade that cancer immunotherapeutics have truly entered mainstream clinical practice. Given their potential to stimulate both adaptive and innate antitumor immune responses, dendritic cells (DCs) have come under intense scrutiny in recent years as pharmacological tools for cancer immunotherapy. Conceptually, the clinical effectiveness of this form of active immunotherapy relies on the completion of three critical steps: 1) the DCs used as immunotherapeutic vehicles must properly activate the antitumor immune effector cells of the host, 2) these immune effector cells must be receptive to stimulation by the DCs and be competent to mediate their antitumor effects, which 3) requires overcoming the various immune-inhibitory mechanisms used by the tumor cells. In this review, following a brief overview of the pivotal milestones in the history of cancer immunotherapy, we will introduce the reader to the basic immunobiological and pharmacological principles of active cancer immunotherapy using DCs. We will then discuss how current research is trying to define the optimal parameters for each of the above steps to realize the full clinical potential of DC therapeutics. Given its high suitability for immune interventions, acute myeloid leukemia was chosen here to showcase the latest research trends driving the field of DC-based cancer immunotherapy.
I. Cancer Immunotherapy
Although the idea of exploiting the immune system for cancer therapy has been around for more than two centuries, immunotherapy has only recently become a mainstream cancer treatment (Rosenberg, 1999) . This journey culminated in immunotherapy being nominated by the journal Science as Breakthrough of the Year for 2013 (Couzin-Frankel, 2013 ). The timeline presented in Fig. 1 provides a nonexhaustive overview of the pivotal milestones in the history of cancer immunotherapy. The first known attempt to immunize against cancer was made in 1777 by the surgeon to the Duke of Kent, James Nooth, who injected himself with malignant tissue to prevent the development of cancer (Rosenberg, 1999; Ichim, 2005) . Cancer immunotherapy formally started in 1891 (Ichim, 2005) (Fig. 1) , when William Coley -regarded by many as the Father of Immunotherapy-described the regression of cancer after injection of a bacterial preparation and postulated that this was due to the induction of antitumor immunity (Coley, 1891) . In 1909, Paul Ehrlich hypothesized that the immune system could protect the host against developing cancers, thereby laying the foundation for the "cancer immune surveillance" theory (Ehrlich, 1909) . It took another 50 years, however, before the concept of cancer immune surveillance was developed by Lewis Thomas (Thomas, 1959) and Frank MacFarlane Burnet (Burnet, 1967) . Thomas' and Burnet' s views on the critical role of the immune system in preventing the development of cancer were supported by a series of mouse tumor transplantation experiments conducted during the mid-1940s to early1960s ( Fig. 1) , which led to the hypothesis that tumor cells express specific "antigens" that permit their recognition and elimination by the immune system (Gross, 1943; Foley, 1953; Baldwin, 1955; Prehn and Main, 1957; Klein et al., 1960) . In the following decades, the interactions between the immune system and cancer cells were defined, resulting in the central tenet of cancer immunotherapy: the finding that CD8 + effector T cells (also called cytotoxic T lymphocytes [CTLs] ) are capable of selectively killing tumor cells after recognition of specific antigens expressed on the tumor cell surface in association with major histocompatibility complex (MHC) molecules (Zinkernagel and Doherty, 1974a,b; Coulie et al., 2014) . More recently, other immune components, such as natural killer (NK) cells, have been shown to contribute to the host defense against cancer (Marcus et al., 2014) .
Most currently available cancer immunotherapeutics aim to harness the T-cell (adaptive) immune response against cancer (Coulie et al., 2014) . These can broadly be divided into passive and active therapies (Mellman ABBREVIATIONS: ACT, adoptive cell transfer; AML, acute myeloid leukemia; APC, antigen-presenting cell; BTLA, B and T lymphocyte attenuator; CTL, cytotoxic T lymphocyte; CTLA-4, cytotoxic T-lymphocyte antigen-4; CXCR-4, C-X-C chemokine receptor type-4; DC, dendritic cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; HMGB1, high mobility group box 1; HOCl, hypochlorous acid; HSP, heatshock protein; IDO, indoleamine 2,3-dioxygenase; IFN, interferon; IL, interleukin; LC, Langerhans cell; mAb, monoclonal antibody; mDC, myeloid dendritic cell; MDSC, myeloid-derived suppressor cell; MHC, major histocompatibility complex; moDC, monocyte-derived dendritic cell; NK, natural killer; PBMC, peripheral blood mononuclear cell; PD-1, programmed death-1; pDC, plasmacytoid dendritic cell; PD-L1/2, programmed death-ligand 1 or 2; PGE 2 , prostaglandin E 2 ; poly(I:C), polyinosinic:polycytidylic acid; TCR, T-cell receptor; T H , T helper type; TLR, Toll-like receptor; TNF, tumor necrosis factor; T reg , regulatory T cell; WT1, Wilms' tumor 1. Topalian et al., 2011) . Passive immunotherapies have been in clinical practice for some time in the form of T-cell immunomodulatory monoclonal antibodies (mAbs) and adoptive cell transfer (ACT) (Mellman et al., 2011) . Ipilimumab (Yervoy; BristolMyers Squibb, New Brunswick, NJ) is the prototype of the rapidly growing family of T-cell-potentiating mAbs. It targets cytotoxic T-lymphocyte antigen-4 (CTLA-4), which serves as an immune checkpoint molecule on T cells (i.e., a molecule involved in the negative regulation of T-cell function) (Hodi et al., 2010; Pardoll, 2012) . ACT involves the transfusion of allogeneic or autologous tumor-reactive T cells (and/or other antitumor immune effector cells) (June, 2007) . The past decade has witnessed several major advancements in the field of ACT, including the use of T cells genetically engineered to express T-cell receptors (TCRs) or chimeric antigen receptors to enable targeting of predefined, clinically relevant tumor antigens (Park et al., 2011; Restifo et al., 2012) . For detailed information on mAb-mediated immune checkpoint blockade and ACT, we refer the reader to other overview articles on these topics (Pardoll, 2012; Kershaw et al., 2013) . This review will focus on active immunotherapy using tumor antigen-loaded dendritic cells (DCs) for anticancer "vaccination." Although it is increasingly evident that at least part of its pharmacological mechanism-of-action relies on activation of innate antitumor effectors (in particular NK cells) Van Elssen et al., 2014; Van Acker et al., 2015) , the basic concept behind DC therapy is to exploit the intrinsic antigen-presenting properties of DCs to elicit a potent tumor antigen-specific T-celldriven immune response Datta et al., 2014) . In contrast to the two aforementioned passive cancer immunotherapy strategies, DC therapy aspires to "train" the host's immune system to recognize and attack cancer cells and, in so doing, enable the generation of immunologic memory (Rescigno et al., 2007; Melero et al., 2014) . As shown in the timeline, the DC story began more than four decades ago in 1973 (Fig. 1) . In that year, Zanvil Cohn and Ralph Steinman (who was awarded the 2011 Nobel Prize in Medicine and Physiology for his seminal work on DCs) described a rare population of mouse splenocytes with a distinctive tree-like morphology (Steinman and Cohn, 1973) . The cells were therefore named dendritic cells, after the Greek word for tree (dendreon) (Steinman, 2007) . Interest in the therapeutic exploitation of DCs grew after it became apparent that DCs, in their role as highly specialized antigen-presenting cells (APCs), are instrumental in the development of adaptive antitumor immunity (Palucka and Banchereau, 2012; Mellman, 2013) . The first clinical trial of DC-based vaccine therapy was published in 1996 (Hsu et al., 1996) (Fig. 1) . Since then, numerous clinical studies have been conducted across a wide range of cancer types, including phase III clinical trials in melanoma, prostate cancer, glioblastoma, and renal cell carcinoma . These studies provided ample evidence that DC therapy is safe and capable of mounting protective antitumor immunity without major toxicity . Until recently, the clinical benefit of DC-based cancer immunotherapy was deemed modest. However, this field was reinvigorated 1 (Rosenberg, 1999) ; 2 (Coley, 1891) ; 3 (Ehrlich, 1909) ; [4] [5] [6] [7] [8] (Gross, 1943; Foley, 1953; Baldwin, 1955; Prehn and Main, 1957; Klein et al., 1960) ; 9 (Thomas et al., 1957);  10, 11 (Thomas, 1959; Burnet, 1967) ; 12 (Coulie et al., 2014) ; 13 (Steinman and Cohn, 1973);  14, 15 (Zinkernagel and Doherty, 1974a,b) ; 16 (Kiessling et al., 1975 (Hsu et al., 1996) ; 19 (Kantoff et al., 2010) ; 20 (Pardoll, 2012) . *Allogeneic hematopoietic stem-cell transplantation, which is nowadays widely used in the treatment of hematologic malignancies including acute myeloid leukemia, is considered as a form of immunotherapy because its primary mechanism-of-action relies on the transfusion of lymphocytes endowed with antitumor activity (the so-called graft-versus-leukemia or graft-versustumor activity) (Topalian et al., 2011) .
# Ipilimumab (Yervoy; Bristol-Myers Squibb), an mAb directed against CTLA-4, was the first-in-class immune checkpoint mAb to be approved by the U.S. Food and Drug Administration (FDA) and by the European Medicines Agency for patients with metastatic melanoma (in 2011). Nivolumab (Opdivo; Bristol-Myers Squibb/Ono Pharmaceutical) and pembrolizumab (Keytruda; Merck, Kenilworth, NJ), two mAbs directed against the immune checkpoint molecule PD-1, have gained recent approval by the Japanese health authorities and the FDA, respectively, for use in patients with advanced melanoma (Galluzzi et al., 2014) .
Dendritic Cell-Based Cancer Immunotherapy after the demonstration of survival gains in DC-treated cancer patients in a number of trials Cao et al., 2014; Wang et al., 2014) . The foremost example is sipuleucel-T (Provenge; Dendreon Corporation, Seattle, WA), the first and currently the only DCbased immunotherapeutic that received approval from the U.S. Food and Drug Administration. Despite limited therapeutic benefit based on the assessment of the prostate-specific antigen tumor marker response, sipuleucel-T was found to improve overall survival by 4.1 months compared with placebo (25.8 versus 21.7 months) in a phase III clinical trial for metastatic hormone-refractory prostate cancer (Kantoff et al., 2010) . The field of DC-based cancer immunotherapy continues to evolve rapidly . Current research efforts are driven by a constant desire to optimize this form of immunotherapy and to increase its antitumor activity (Datta et al., 2014) . There are now a diverse range of DC vaccine products with improved therapeutic activity . The ever-expanding portfolio of immune checkpoint mAbs and other cancer (immunotherapy) drugs has set the stage for combination therapies, which will likely further improve the efficacy of DC-based cancer immunization . Following a brief introduction into the basics of the biology of DCs (section II.A) and the various DC vaccine formulations currently used for immunotherapy (section II.B), we will review the different avenues that are currently being pursued to maximize the immunologic potency and therapeutic activity of this exciting and promising immunotherapeutic modality (section III).
II. Dendritic Cell-Based Cancer Immunotherapy

A. Immunobiological Aspects of Dendritic Cell-Based Cancer Immunotherapy
Dendritic cells are a rare population of APCs that originate from hematopoietic progenitor cells in the bone marrow (Collin et al., 2013) . They are specialized in antigen uptake, processing, and presentation to T cells (MacDonald et al., 2002) . DCs can be found throughout the body, in particular at sites of potential antigenic encounter (e.g., the skin) (Benteyn et al., 2015) . The taxonomy of the DC system is complex and will be only briefly discussed here. The reader is directed to MacDonald et al. (2002) , Ziegler-Heitbrock et al. (2010) , Collin et al. (2013) , Merad et al. (2013) , Cohn and Delamarre (2014) , and Mody et al. (2015) , for a comprehensive review of the DC nomenclature. The human DC family consists of several distinct subsets, which differ from each other with respect to their localization, cell-surface phenotype, and functional specialization (Collin et al., 2013) . For example, the human skin hosts two main types of DCs: epidermal Langerhans cells (LCs) and dermal DCs (Mody et al., 2015) . Langerhans cells are characterized by expression of the cell-surface markers CD1a and CD207/Langerin and are functionally endowed with a potent CTLstimulatory activity, especially when compared with CD14 + dermal DCs (Ueno et al., 2010; Banchereau et al., 2012) . Blood DCs, which constitute less than 1% of the total peripheral blood mononuclear cell (PBMC) fraction (Jongbloed et al., 2010) , are usually divided into two main subsets based on their hematopoietic cell-lineage origin (MacDonald et al., 2002) : myeloid DCs (mDCs; also termed conventional DCs; myeloid lineage) and plasmacytoid DCs (pDCs; lymphoid lineage). The myeloid DC population is characterized by the phenotypic expression of CD11c and contains two distinct subsets (MacDonald et al., 2002; Collin et al., 2013) : CD1c/BDCA-1 + mDCs and CD141/BDCA-3 + mDCs. Plasmacytoid DCs can be phenotypically discriminated from mDCs based on the lack of CD11c expression and based on their positivity for CD123, CD303/BDCA-2, and CD304/BDCA-4 (MacDonald et al., 2002; Collin et al., 2013) . The functional differences between these individual DC subsets, in particular the subroles they play in antitumor immunity, remain to be fully elucidated. CD141 + mDCs have been postulated to be superior over other DCs subsets at (tumor) antigen cross-presentation (Jongbloed et al., 2010) [i.e., the ability of APCs to present exogenous antigens-which are normally directed into the MHC class II pathway-via MHC class I molecules to CD8 + T cells (Nierkens et al., 2013; Cohn and Delamarre, 2014) ], although more recent studies have shown that all blood DC subsets have fairly similar crosspresentation capacities (Cohn et al., 2013; Segura et al., 2013; Tel et al., 2013b) .
Dendritic cells can also be subdivided into two main types based on their developmental stage: immature DCs and mature DCs (Datta et al., 2014; Benteyn et al., 2015) . Immature DCs continuously sample the peripheral tissues for foreign antigens. They are highly specialized in uptake of these antigens and are equipped with a wide range of phagocytic and endocytic receptors (e.g., C-type lectins, such as the mannose receptor) to fulfill this function (Sallusto et al., 1995) . Immature DCs have rather low expression of MHC and T-cell costimulatory molecules on their cell surface and a limited capacity for secreting proinflammatory cytokines (Benteyn et al., 2015) . As a result, they are largely ineffective at stimulating T-cell responses (Benteyn et al., 2015) . Moreover, immature DCs can lead to T-cell tolerance by inducing T-cell deletion/anergy and by promoting the generation of T cells with intrinsic immunosuppressive properties [also called regulatory T (T reg ) cells] (Mahnke et al., 2002) . When antigen uptake occurs in the presence of inflammatory cytokines or danger signals (such as those provided by infectious organisms or dying cancer cells), immature DCs will undergo a maturation process that is characterized by decreased capacity for antigen uptake, increased expression of MHC and Tcell costimulatory molecules (such as CD40, CD70, CD80, and CD86), and enhanced production of proinflammatory cytokines and chemokines (Benteyn et al., 2015) . DCs express different families of pattern recognition receptors that enable them to sense such danger signals; among these, the family of the so-called Toll-like receptors (TLRs) is perhaps the best characterized (Medzhitov, 2001 ). As will be discussed later in this review, TLR ligands are being increasingly adopted in DC vaccine manufacturing protocols to stimulate DC maturation. Examples are polyinosinic: polycytidylic acid [poly(I:C), a TLR3 agonist] (Ammi et al., 2015) , picibanil (OK-432, a TLR4 agonist) (Kitawaki et al., 2011a) , and resiquimod (R-848, a dual TLR7/8 agonist) (Smits et al., 2008) . The conversion of immature DCs into mature DCs is also accompanied by an upregulation of chemokine receptors, such as the C:C chemokine receptor type-7 (Sallusto et al., 1998) .
This enables the DCs to migrate via the afferent lymphatics to the T-cell-rich areas of the lymph nodes (De Vries et al., 2003; Wimmers et al., 2014 ) (see Supplemental Video for an animation illustrating the process of DC migration to the lymph nodes).
In the lymph nodes, DCs will present the antigens they captured via MHC molecules to T cells, which enter the T-cell-rich areas via so-called highendothelial venules (Topalian et al., 2011; Vasaturo et al., 2013 ) (Supplemental Video). Effective stimulation of antigen-specific T cells is a hallmark feature of mature DCs and requires the delivery of three signals (Kalinski and Okada, 2010; Kirkwood et al., 2012) (Vasaturo et al., 2013) . These signals are delivered through interaction of costimulatory and coinhibitory molecules expressed on the DC surface with their respective counter-receptors on the T cells (Vasaturo et al., 2013 ) (Supplemental Video). As shown in Fig. 2 , multiple costimulatory and coinhibitory receptor/ligand pairs have been identified. Most of these molecules are either immunoglobulin superfamily members or tumor necrosis factor (TNF) and TNF receptor superfamily members (Murphy et al., 2006) . CD80, CD86, and programmed death-ligand 1 or 2 (PD-L1/2) are examples of immunoglobulin superfamily members expressed on the DC surface, whereas CD28, CTLA-4, programmed death (PD)-1, and B and T lymphocyte attenuator (BTLA) belong to the same family but are expressed on the T cells (Greaves and Gribben, 2013) . CD40, CD70, OX40L, 4-1BBL, and herpes virus entry mediator, which are expressed on the DC surface, and CD40L, CD27, OX40, and 4-1BB, which are expressed on the T cells, are all examples of TNF (receptor) superfamily members (Vinay and Kwon, 2009) (Fig. 2, inset ). 3. Signal 3: Production of T-cell-stimulatory cytokines. The third signal or "polarization" signal, involves the secretion of proinflammatory cytokines by DCs, including interferons (IFNs) and interleukin-12 (IL-12) (Kalinski and Okada, 2010; Vasaturo et al., 2013) . These cytokines stimulate the expansion, effector function, and memory development of CTLs (Curtsinger and Mescher, 2010) . IL-12, which can be produced after interaction of CD40 with CD40L, also plays a decisive role in determining the type of CD4 + T-cell immunity (Kalinski and Okada, 2010) ; it polarizes the differentiation of naive CD4 + T cells into T H 1 cells, which in turn provide "help" to the CTLs (Kalinski and Okada, 2010; Wimmers et al., 2014) .
Recently, the addition of a fourth signal to the above "three-signal theory" has been proposed. This signal covers all DC-related factors that enable the activated CTLs to home to the tumor site (Kalinski and Okada, 2010) . Once arrived at the tumor site, these CTLs will look for tumor cells that express their cognate antigen in the form of peptide fragments bound to MHC class I molecules . After interaction of the MHC/antigen complex with the TCR, CTLs will be triggered to release cytotoxic effector molecules (such as perforins and granzymes), resulting in lysis of the recognized tumor cells (Trapani and Smyth, 2002; Anguille et al., 2013) .
B. Pharmacological Aspects of Dendritic Cell-Based Cancer Immunotherapy
Over the past few decades, a great deal of research has been committed to translating the above immunobiological principles into clinically applicable pharmaceutical approaches. From the pharmacological point of view, DC-based immunotherapy is regarded as a vaccination strategy whereby tumor antigen-loaded DCs are administered to the patient with the intent of eliciting protective and specific CTL immunity toward the tumor cells (Cohn and Delamarre, 2014) . From the regulatory point of view, DC vaccines are classified as "human cell, tissue, or cellular or tissue-based products" (U.S. Food and Drug Administration terminology) or as "advanced therapy medicinal products" (European Medicines Agency terminology), which are a special group of therapeutics including gene therapies, tissue-engineered products, and somatic cell therapies (Maciulaitis et al., 2012) . Sipuleucel-T is the first, and so far only, DC-based advanced therapy medicinal product that received regulatory approval for the treatment of metastatic, hormone-refractory prostate cancer (Melero et al., 2014) . The manufacturing of this autologous blood cell product starts with a so-called leukapheresis procedure to obtain large numbers of autologous PBMCs. These PBMCs, which contain APCs including, but not restricted to, DCs, are then cultured ex vivo for 36-44 hours in the presence of PA2024, a recombinant fusion protein consisting of the tumor antigen prostatic acid phosphatase and the immunostimulatory cytokine granulocyte-macrophage colony-stimulating factor (GM-CSF). After this simultaneous antigen loading and activation step, the cells are washed and suspended for intravenous reinfusion into the patient (Kantoff et al., 2010) . In addition to this transfusion-like protocol, DCs can also be isolated directly from the blood and used for immunotherapeutic purposes (Bol et al., 2013; Wimmers et al., 2014) . The use of native blood DCs has, however, been hampered by the relatively low frequency of DCs in peripheral blood (as discussed earlier in this section, DCs represent only 1% of the total PBMC fraction) (Bol et al., 2013; Wimmers et al., 2014) . Hence, only few studies exist that have attempted the clinical translation of this strategy. One example involves the collection of large numbers of PBMCs (through leukapheresis) and subsequent isolation of blood DCs using a mAb against CMRF-56, an antigen that is expressed 736 on the DC surface after a short overnight in vitro incubation (Lopez et al., 2003; Radford et al., 2005) . The CMRF-56 isolation platform can be used to obtain a blood DC-enriched PBMC fraction that contains roughly one-third of DCs including both CD1c + and CD141 + mDC subsets as well as pDCs (Vari et al., 2008) . Directly isolated, highly purified native blood CD1c + DCs as well as pDCs (Tel et al., 2013a) have been used to vaccinate melanoma patients. Just recently, a similar strategy was adopted by Prue et al. (2015) using CD1c + mDCs directly isolated by immunomagnetic selection from leukapheresis products of prostate cancer patients. Despite the overall limited experience, these studies confirm the technical feasibility of using naturally circulating DCs as vaccine vehicles for cancer immunotherapy (Wimmers et al., 2014) .
Nevertheless, rather than using primary DCs, most clinical experience so far has been obtained with DCs cultured ex vivo starting from precursor cells that are available in much greater quantities than naturally circulating blood DCs (Anguille et al., 2012c) . Cell types frequently used as starting material for DC vaccine manufacturing are monocytes (Anguille et al., 2012c) and CD34 + hematopoietic progenitor cells derived from bone marrow (Lardon et al., 1997) , peripheral blood (Mu et al., 2004) , or cord blood (Chen et al., 2013) . Monocyte-derived DCs (moDCs) are by far the most commonly used DC type in DC vaccine formulations Chiang et al., 2015) . This type of DC vaccine is usually produced by isolating CD14
+ monocytes from leukapheresis products and by culturing them in vitro for 5-6 days into immature DCs with GM-CSF and IL-4 (Tacken et al., 2007) (Fig. 3 ; Supplemental Video). Because immature DCs are considered to be poor stimulators of immunity, the next step in DC vaccine manufacturing is to trigger their activation/maturation by exposing the immature DCs for another 2 days to a proinflammatory cytokine cocktail composed of TNF-a, IL-1b, IL-6, and prostaglandin E 2 (PGE 2 ), commonly referred to as the "Jonuleit" cytokine cocktail (Jonuleit et al., 1997) (Fig. 3) . To complete the DC vaccine production process, DCs must be loaded with disease-relevant tumor antigen(s), a step that can be performed either at the immature or at the mature stage (Tacken et al., 2007) (Fig. 3) . Fig. 3 . The gold-standard protocol for DC vaccine manufacturing. DC-based immunotherapeutics are classically prepared using an in vitro culture procedure, in which 1) peripheral blood monocytes are allowed to differentiate into immature DCs in the presence of GM-CSF and IL-4 for 5-6 days and then 2) exposed for another 2 days to a proinflammatory cytokine cocktail to induce DC maturation. Before administration to the patient, DCs are first loaded with tumor antigen "cargo"; this antigen-loading step can be performed either at the immature or mature DC stage. Each of these phases in the DC manufacturing process can have a major impact on the immunostimulatory potency of the final DC product. Therefore, much ongoing research is devoted to modifying and optimizing the culture conditions for DC generation to ensure that DCs with the "best possible" immunostimulatory capacities are being used for immunotherapy and, ultimately, to maximize the chances of therapeutic success. Examples of such modifications are listed in the text box insets.
Dendritic Cell-Based Cancer Immunotherapy Although being considered as the "gold-standard" DCs, these so-called IL-4 moDCs might be suboptimal for inducing T H 1-mediated anticancer T-cell immunity because they resemble in vivo occurring CD14 + dermal DCs known to stimulate humoral immunity (Palucka et al., 2010; Palucka and Banchereau, 2012) . As discussed above, LCs, presumably via a mechanism that involves IL-15, are far more superior than dermal DCs and moDCs (Romano et al., 2012; Hutten et al., 2014) in terms of their capacity to stimulate antigen-specific CTL immunity. This explains the impetus behind the recent efforts to design new protocols for the generation of DCs with LC-like features (Hutten et al., 2014) . Such LC-type, IL-15-expressing DCs can be generated from CD34 + hematopoietic progenitor cells using specific differentiation factors (Romano et al., 2011) or from CD14 + monocytes by replacing IL-4 with IL-15 (Mohamadzadeh et al., 2001; Anguille et al., 2009 Anguille et al., , 2013 .
As may be clear from the previous section on the immunobiology of DCs, the immunogenicity of DC vaccines will not only depend on the type of DC used in the vaccine formulation, but also on the functional state of the DCs induced by maturation signals (Kirkwood et al., 2012; Datta et al., 2014) . The conventional Jonuleit cytokine cocktail implemented in most DC vaccine production protocols has several important limitations, which will be discussed in detail in the next section. Hence, there is currently a great deal of research into developing alternative DC maturation procedures (Butterfield, 2013; Anguille et al., 2014) . Within this context, TLR agonists have come under intense scrutiny given their ability to endow DCs with potent T H 1-polarizing capacity, which is the type of immune response that is most desired in cancer immunotherapy (Kirkwood et al., 2012) . Such TLR stimuli can either be administered concomitantly with the DC vaccine or can be incorporated into the vaccine itself, for example as ex vivo maturation agents . Various clinical-grade TLRbased protocols for maturing DCs have been published in recent years, but, for the sake of brevity, only two will be discussed here: a-type-1-polarized DCs and TriMix DCs. a-Type-1-polarized DCs, which derive their name from the fact that they are highly specialized at inducing T H 1 immune responses (Kirkwood et al., 2012) , are generated by exposing immature DCs to a combination of TNF-a, IL-1b, IFN-g, IFN-a, and the TLR3 agonist poly(I:C) (Okada et al., 2011; Hansen et al., 2013) . Okada et al. (2011) recently reported on the results of a clinical trial of a-type-1-polarized DC vaccinations with concurrent systemic administration of a TLR3 agonist in patients with recurrent malignant glioma. Although single arm and early phase, the study by Okada et al. (2011) hinted at a possible clinical benefit and provided the impetus for other, currently ongoing clinical trials investigating the clinical efficacy of this particular DC vaccine formulation (Kirkwood et al., 2012; Anguille et al., 2014) . Instead of exogenous pulsing with maturationinducing cytokines, DCs with an activated/mature phenotype can also be obtained using genetic engineering techniques such as mRNA electroporation (Benteyn et al., 2015) . Thielemans' group at the Free University of Brussels (Brussels, Belgium) has pioneered a method to generate clinical-grade, mature DCs by electroporating immature DCs ex vivo with a mixture of three mRNA molecules (TriMix) coding for a constitutively active TLR4, CD40L, and CD70, respectively (Benteyn et al., 2015) . These so-called TriMix DCs have been used with promising results to vaccinate melanoma patients (Van Lint et al., 2014) .
Another pharmacological aspect that deserves to be mentioned here relates to the route of administration of DC vaccines. To encounter T cells and induce tumor antigen-specific T-cell immunity, DCs must be recruited to the lymph nodes . DCs that are injected intravenously are believed to be ineffective because they localize in lungs, liver, spleen, and bone marrow, rather than in the lymph nodes (Fong et al., 2001; Mullins et al., 2003) . Nevertheless, in a recently published clinical trial (Wilgenhof et al., 2013) , signs of clinical benefit have been obtained after intravenous TriMix DC vaccination, corroborating earlier studies that already indicated that DCs can induce immunity even when administered via the intravenous route (Fong et al., 2001; Bedrosian et al., 2003) . Most often, DC vaccines are delivered by intradermal injection nearby superficial lymph nodes (Wimmers et al., 2014) . After injection into the skin, DCs will use their chemokine receptors (e.g., C:C chemokine receptor type-7) to migrate from the skin via the afferent lymphatics to the draining lymph nodes (Wimmers et al., 2014 ) (Supplemental Video). Importantly, however, trafficking studies revealed that most of the intradermally injected DCs die at the injection site and that only a minority (less than 5%) effectively reach the lymph nodes (Verdijk et al., 2009) . To obtain higher numbers of DCs in the lymph nodes, intranodal vaccination has been tested, but its superiority over the intradermal administration route has not been unequivocally established (Bedrosian et al., 2003; Lesterhuis et al., 2011) . Variable results of intranodal injection might be related to the complexity of the procedure, so that even when performed with ultrasound guidance by a highly experienced radiologist, a high portion of the injections will not or only partly be delivered intranodally (de Vries et al., 2005; Verdijk et al., 2009; Lesterhuis et al., 2011) .
In addition to the administration route, the optimal dose of DC vaccination is another pharmacological variable that still remains to be fully established despite the numerous phase I clinical trials that have already been performed (Figdor et al., 2004; Butterfield, 2013 ).
Many of these trials did not show any evidence of doselimiting toxicity (Draube et al., 2011; Butterfield, 2013) . Maximum tolerated doses are generally not reached in DC vaccine studies, and the highest achievable dose levels are usually defined by the total number of DCs that can be produced from one leukapheresis (i.e., the maximum feasible dose) (Butterfield, 2013; Tel et al., 2013a) . A meta-analysis of 29 DC vaccine trials in prostate cancer and renal cell cancer, including a total of 906 patients, revealed a positive association between total DC dose and clinical outcome, indicating that appropriate dosage is critical for therapeutic success (Draube et al., 2011) . Unfortunately, this meta-analysis does not permit to draw firm conclusions regarding the minimum effective dose required per vaccination. Despite the general belief that high numbers of DCs are required to stimulate a potent antitumor immune response in vivo, the above-mentioned study by Tel et al. (2013a) using naturally circulating pDCs revealed that clinical responses can be obtained even with relatively small numbers of DCs (0.3-3 Â 10 6 DCs per vaccine). Extra evidence that higher DC numbers do not necessarily result in higher benefit was provided by Aarntzen et al. (2013) , who observed a paradoxical increase in DCs reaching the lymph nodes if the number of intradermally injected DCs was reduced. Imaging data from the same group also revealed that antitumor T-cell responses can be induced with as few as 5 Â 10 5 DCs in the T-cell areas of the draining lymph nodes (Verdijk et al., 2009 ). In line with this, using a computational model, Celli et al. (2012) estimated that less than 100 antigen-bearing DCs are sufficient to initiate a T-cell response in the lymph node. Overall, these data indicate that DC vaccines may be effective even at very low doses.
New routes of DC-based cancer therapy are currently being explored, including in vivo targeting of DCs (Caminschi et al., 2012; Datta et al., 2014) and the use of artificial APCs . These topics have been excellently reviewed by others (Caminschi et al., 2012; Eggermont et al., 2014; Mody et al., 2015) and will not be covered in this review.
III. Toward the Delivery of Effective Dendritic
Cell-Based Cancer Immunotherapy: The Acute Myeloid Leukemia Showcase A growing body of evidence indicates that DC vaccination can be of clinical benefit to cancer patients (Draube et al., 2011; Anguille et al., 2014; Cao et al., 2014; Wang et al., 2014) , encouraging the further development of this form of immunotherapy. Nevertheless, there is a general agreement among cancer researchers that the true clinical potential of DCbased cancer immunotherapy has not been attained yet (Bot et al., 2013; Datta et al., 2014) . Conceptually, the generation of antitumor immunity by DCs requires three sequential steps (Mellman et al., 2011) , as schematically represented in Fig. 2: 1. The DCs used for therapy must be immunostimulatory and induce the right type of immune response (Kirkwood et al., 2012) .
Hence, the key to unlocking the full clinical potential of DC-based cancer immunotherapeutics is to establish how these three conditions can be optimally fulfilled.
In this section, we will provide an overview of the research efforts that are currently being undertaken to enable successful completion of each of these three steps. The focus here lies on the optimization of DCbased immunotherapy for AML, which, for the reasons specified in Table 1 , is a particularly useful tumor type 
Reasons
• AML is an immunogenic malignancy known to be susceptible to lysis by leukemia antigen-specific CD8 + CTLs as well as NK cells (Schurch et al., 2013) . The so-called graft-versus-leukemia effect associated with allogeneic hematopoietic stem cell transplantation (HSCT) elegantly illustrates the therapeutic role of the immune system in AML (Schurch et al., 2013) . AML is therefore believed to be particularly amenable to immunotherapeutic approaches (Anguille et al., 2012c; Martner et al., 2013; Schurch et al., 2013 ).
• Conventional chemotherapy followed by allogeneic HSCT is associated with significant toxicity and is therefore not feasible for older patients with AML, who represent the majority of AML patients (Anguille et al., 2012c) . Their favorable toxicity profile makes immunotherapy approaches, such as DC-based immunotherapy, worthy of investigation to fill this treatment void (Anguille et al., 2011a ).
• DC therapy has already shown to be potentially useful in AML, especially when applied in a minimal residual disease (MRD) setting (i.e., a situation in which a small amount of tumor cells persists after therapy and that is responsible for tumor recurrence) Anguille et al., 2012c) . This corroborates the notion that immunotherapy is most optimally applied as an adjunct therapy at early stages of cancer when only few immunosuppressive tumor cells are present (Gulley et al., 2011; Anguille et al., 2014 ).
• Standard response evaluation criteria used in solid malignancies (e.g., RECIST) do not appear to capture the true clinical benefit of immunotherapy approaches (Schlom, 2012; Anguille et al., 2014) . In AML, numerous surrogate end points for evaluation of treatment efficacy (e.g., molecular MRD markers) have been developed and validated for use in clinical trials, facilitating translational research (Cilloni et al., 2009; Hourigan and Karp, 2013) .
Dendritic Cell-Based Cancer Immunotherapy to evaluate the clinical efficacy of DC-based immunotherapy. Although AML was chosen to showcase how the DC immunotherapy field is evolving, many of the strategies that will be discussed here are broadly applicable and are currently under active investigation in other tumor types as well.
A. Using Dendritic Cells with Optimal Immunocompetence (Condition Number 1)
The efficacy of any DC-based therapeutic strategy depends, in the first place, on the immunostimulatory quality of the DCs used (Fig. 2) . As discussed earlier, the DC family is very heterogeneous, consisting of different DC subsets capable of eliciting different types of immunity. Hence, selecting the "right" DC subset for immunotherapy is of paramount importance (Gilboa, 2007; Anguille et al., 2009; Frankenberger and Schendel, 2012; Kirkwood et al., 2012; Chiang et al., 2015) . Much ongoing research is concentrated on optimizing the DC product design to ensure that DCs with the best possible immunogenic characteristics are being used Datta et al., 2014; Chiang et al., 2015) . There are several aspects of the DC manufacturing process that determine the immunogenicity of the final DC therapeutic product, each of which is being evaluated for possible improvements (Fig. 3) (Figdor et al., 2004; Gilboa, 2007; Tacken et al., 2007; Anguille et al., 2009; Tesfatsion, 2014) .
1. Source of DC Precursor Cell. The first aspect relates to the choice of precursor cell for ex vivo DC preparation. As discussed above, most clinical trials performed hitherto have relied on monocytes as precursor cells for DC vaccine manufacturing (Supplemental Video) (Gilboa, 2007; Tacken et al., 2007; Chiang et al., 2015) . Monocytes can be isolated from leukapheresis harvests by various techniques, including centrifugal elutriation, adherence, or immunomagnetic selection using anti-CD14 mAb-coated magnetic beads (Table 2) (Nicolette et al., 2007) . Given the fact that moDCs are by far the most frequently used DC type in clinical trials, we will only address here the current strategies for optimizing moDC culture protocols (Fig. 3) . Table 2 provides a compilation of the clinical trials of moDC-based vaccination in AML. For each clinical trial listed, details on the logistical aspects related to moDC vaccine manufacturing and a summary of the key clinical findings are provided (Table 2) .
2. Culture Time. The gold-standard protocol for moDC generation encompasses 1 week of culture, including ;5 days for differentiation of monocytes into immature DCs and ;2 days for converting these immature DCs into mature DCs ( Fig. 3 ; Supplemental Video) (Caux et al., 1992; Anguille et al., 2009) . A number of reports have demonstrated the feasibility of reducing the total time of in vitro moDC culture from 7 to ;3 days without affecting the phenotype or function of the resultant DCs (Czerniecki et al., 1997 (Czerniecki et al., , 2001 Dauer et al., 2003; Anguille et al., 2009; Beck et al., 2011; Chiang et al., 2011) . Moreover, these so-called Fast DCs have been shown to possess a better costimulatory phenotype than their 7-day counterparts (Lichtenegger et al., 2012) and have a lower expression of the T-cell coinhibitory molecule PD-L1 (Frankenberger and Schendel, 2012) . In addition, the use of Fast DCs offers the advantage of reducing the time-consuming process of ex vivo DC manufacturing . As a consequence, Fast DCs are increasingly finding their way into clinical trials, a trend that is also observed in the field of DC therapy for AML (Table 2) .
3. Culture Media. The type of medium used for ex vivo DC culture is an often overlooked parameter that may influence the functional capacity of the cultured DCs (da Silva Simoneti et al., 2014). All aspects of the DC vaccine manufacturing process, including the culture media and reagents used, must comply to good manufacturing practice requirements that are enforced by health regulatory agencies to ensure the quality and safety of the DC product (Figdor et al., 2004) . Different good manufacturing practice-grade DC culture media have been marketed, each yielding DCs with different immune-stimulatory properties (da Silva Simoneti et al., 2014), indicating that the choice of cell culture medium determines the potency of the final DC vaccine product. Serum, which is often added to the culture medium, is postulated to have a negative influence on DC vaccine functionality in vitro (da Silva Simoneti et al., 2014; Kolanowski et al., 2014) , but the in vivo impact of using serum remains to be studied. 4. Differentiation Protocol. As discussed earlier, the most commonly used cytokines for inducing moDC differentiation are GM-CSF and IL-4 (Gilboa, 2007; Anguille et al., 2009) (Fig. 3) . The choice of DC differentiation regimen is an important determinant of the immunogenic quality of moDCs (Ueno et al., 2010) . This is supported by the observation that the ability of moDCs to stimulate antitumor immunity can be dramatically improved by replacing IL-4 with IL-15 (Dubsky et al., 2007; Anguille et al., 2009 Anguille et al., , 2012a or IFN-a (Papewalis et al., 2008) . Such alternatively differentiated DCs can also exert direct cytotoxicity toward AML cells (Papewalis et al., 2008; Anguille et al., 2012a) , further increasing their attractiveness for clinical exploitation (Roothans et al., 2013; Tel et al., 2014) .
5. Maturation Protocol. The second step in moDC manufacturing involves the induction of DC maturation, a step that is usually performed by exogenous administration of a cytokine cocktail composed of TNFa, IL-1b, IL-6, and PGE 2 (Jonuleit et al., 1997; Gilboa, 2007) (Fig. 3 ; Supplemental Video). The major limitation to using this particular mixture is the inability of isolation, magnetic isolation of CD14 monocytes; C(M)R, complete (molecular) remission; DFS, disease-free survival; hAB, human AB serum; hTERT, human telomerase reverse transcriptase; LAMP, inclusion of lysosome-associated membrane protein in mRNA construct; MUC1, mucin 1; ND, no data; PBSC, peripheral blood stem cell; PEG, polyethylene glycol; PRAME, preferentially expressed antigen in melanoma; ZOL, in combination with zoledronate.
a The number in parentheses indicates the number of patients in whom the designated clinical effect was observed. The number in brackets indicates the follow up-time (in months).
b Prepared by repeated freeze-thaw cycles.
c Prepared by g-irradiation.
d
Including 2 patients with acute lymphoblastic leukemia.
e Including TNF-a, IL-1b, IFN-g, PGE 2 .
f Schedules to include 20 patients.
Dendritic Cell-Based Cancer Immunotherapy the resultant DCs to produce IL-12p70 (Kalinski et al., 2001) . The lack of IL-12 secretion can mainly be attributed to the presence of PGE 2 (Kalinski et al., 2001 ). In addition, PGE 2 can induce indoleamine 2,3-dioxygenase (IDO) expression in moDCs (Braun et al., 2005) , which promotes the activation of T reg cells (Chung et al., 2009) (Fig. 2, inset ) and can prevent DCs from attracting naive T cells (Muthuswamy et al., 2010) . However, because PGE 2 is considered mandatory for licensing DCs to migrate to the lymph nodes, it cannot simply be omitted from the maturation regimen (Scandella et al., 2002) . The incorporation of TLR agonists into the DC maturation cocktail may help to circumvent this problem. TLR-matured DCs have been shown to combine migratory capacity with high IL-12 production, even with PGE 2 in the maturation cocktail (Boullart et al., 2008; Anguille et al., 2009; Beck et al., 2011) . In addition, TLR maturation stimuli also enable DCs to overcome T reg -mediated immunosuppression (Pasare and Medzhitov, 2003; Lichtenegger et al., 2012) and to activate innate antitumor effectors, in particular NK cells (Beck et al., 2011; Lichtenegger et al., 2012) . It is therefore not surprising to witness an increased use of TLR-based maturation regimens in clinical trials of DC-based cancer immunotherapy (Galluzzi et al., 2012) . In AML, several DC vaccine studies have already incorporated TLR agonists [i.e., poly(I:C), OK-432, and R-848] to promote DC maturation (Table 2) . 6. Choice of Target Antigen. The primary immunologic goal of DC-based cancer therapy is to immunize or vaccinate the patients by inducing a (memory) tumor antigen-specific T-cell immune response via the intrinsic antigen-presenting ability of DCs (Gilboa, 2007) . As a consequence, the choice of antigenic target probably represents one of the most critical aspects in DC vaccine design (Gilboa, 2007) . Since the discovery of the first cancer antigen by colleagues in 1991 (van der Bruggen et al., 1991) (Fig. 1) , more than 100 tumor antigens have been identified and their number is still increasing (Cheever et al., 2009) . Selecting the right target antigen has thus become a challenging task (Cheever et al., 2009; Anguille et al., 2012b) . To facilitate and rationalize this antigen selection process, the Translational Research Working Group of the National Cancer Institute has proposed a number of criteria for assessing the suitability of a given tumor antigen for immunotherapeutic targeting (Cheever et al., 2009 ). Based on this report, preference should be given to antigens that: i) are overexpressed in the tumor cell compartment but not (or only minimally) expressed in normal cells and tissues; ii) are consistently overexpressed among patients with a given tumor type and, within each patient, expressed in most to all tumor cells; iii) play a role in the malignant phenotype; iv) contain both CD8 + and CD4
+ T-cell epitopes and are immunologically relevant (i.e., demonstration of immunity toward the antigen in cancer patients); and v) hold clinical relevance (i.e., demonstration of clinical responses in immunotherapy studies targeting the given antigen) (Cheever et al., 2009; Anguille et al., 2012b) . One example of a tumor-associated antigen that fulfils all these requirements and that is known to be overexpressed in AML is the Wilms' tumor 1 (WT1) protein (Anguille et al., 2012b) , which has already been shown to be an excellent choice for DC-based immunotherapy in AML Van Driessche et al., 2012 ). An upcoming trend is to target antigens that are preferentially expressed in the cancer stem cell compartment, to enable eradication of the malignant cell population that is responsible for tumor propagation and/or recurrence (Ruben et al., 2013; Snauwaert et al., 2013) . 7. Source of Antigen(s). The best source of antigenic material remains another unresolved issue in DC product design (Gilboa, 2007) (Fig. 3) . Tumor antigens can be derived from either "undefined" or "defined" antigen sources (Nicolette et al., 2007) . Undefined antigen preparations contain both known and unknown epitopes (Nicolette et al., 2007) ; examples used in the setting of DC therapy for AML are peptides eluted from the tumor cell surface, whole AML cell preparations for fusion with DCs, necrotic AML cell lysates (e.g., prepared by repeated freeze-thaw cycles), apoptotic AML cells (e.g., prepared by g-irradiation), total tumor RNA extracted from the AML cells, and AML cell-derived extracellular vesicles (van der Pol et al., 2012) including exosomes (small vesicles of endosomal origin released from live cells) and apoptotic blebs (large vesicles released from cells undergoing apoptosis) Anguille et al., 2012c; Yao et al., 2014) . Sources of defined antigens are synthetic peptides or nucleic acids encoding a specific tumor antigen Anguille et al., 2012c) . Several of these undefined and defined antigen sources have already been used in moDCbased vaccine trials in AML ( Table 2) .
The main advantage of using undefined antigen preparations is that they cover the full repertoire of antigens expressed by the tumor cells (Schui et al., 2002; Nicolette et al., 2007; Tesfatsion, 2014) . At the same time, this is also considered to be their major disadvantage. Indeed, with an undefined antigenic payload, there is a high likelihood of delivering immunologically irrelevant antigens or even selfantigens, which may lead to T-cell tolerance or autoimmunity (Schottker and Schmidt-Wolf, 2011) . For example, some concern has been recently raised over two tumor antigens, survivin and receptor for hyaluronic acid-mediated motility, because of their expression in activated T lymphocytes imposing a risk for T-cell fratricide (Leisegang et al., 2010; Snauwaert et al., 2012) . Furthermore, using tumor cells or tumor 742 cell elements as antigen source entails the risk of delivering other tumor-derived factors that have immunosuppressive effects (e.g., IL-10 and transforming growth factor-b) (Schui et al., 2002; Schottker and Schmidt-Wolf, 2011; Szczepanski et al., 2011; Ruben et al., 2013; Hong et al., 2014) . Nevertheless, several studies have shown that an effective CTL immune response can be triggered by DCs charged with either necrotic leukemic cell lysates or apoptotic leukemic cells or blebs (Galea-Lauri et al., 2002; Spisek et al., 2002; Weigel et al., 2006; Ruben et al., 2014) . One plausible explanation for this observation is that the potential immunosuppressive effects of tumor cells can be overcome by the various immunostimulatory factors released from tumor cells upon necrotic or apoptotic cell death induction (Chiang et al., 2010) . For example, tumor cells undergoing necrosis have been shown to release heat-shock proteins (HSPs) and high mobility group box 1 (HMGB1), factors that are known to promote the maturation of DCs via a TLR4-dependent mechanism (Chiang et al., 2010) . Apoptotic tumor cells can also release HSPs and HMGB1 and expose calreticulin on their cell surface. Calreticulin acts as an "eat me signal," facilitating phagocytic uptake by DCs (Chiang et al., 2010; Guo et al., 2014; de Bruyn et al., 2015) . Oxidation by hypochlorous acid (HOCl) treatment is a relatively novel strategy to produce highly immunogenic tumor cell preparations for DC antigen loading. In addition to inducing necrotic cell death (with the related advantage of eliciting the release of HSPs, HMGB1, and other DC-activating signals), exposure of tumor cells to HOCl gives rise to oxidized biomolecules, which can lead to direct DC activation and promote DC antigen processing and (cross-) presentation. Moreover, it has been proposed that HOCl reduces the production of immunosuppressive cytokines (e.g., IL-10) by tumor cells (Chiang et al., 2010 (Chiang et al., , 2013 (Chiang et al., , 2015 . To the best of our knowledge, HOCltreated leukemic cells have not yet been used as antigen source in moDC-based immunotherapy protocols in AML.
8. Antigen-Loading Method. The method used for delivering the antigenic payload to the DCs is another aspect that requires careful consideration, because this has a major impact on the antigen-presenting quality of the final DC therapeutic product (Gilboa, 2007) (Fig. 3) . So far, most DC-based immune interventions against cancer, including AML, have relied on the use of peptide pulsing or pulsing with lysed or apoptotic tumor cells for antigen loading (Figdor et al., 2004; (Table 2) Although full-scale comparisons of these various approaches are lacking, there are some data favoring the use of certain antigen-delivery methods over others. For example, pulsing of moDCs with apoptotic AML cells has a higher antigen-loading efficiency compared with pulsing with lysates (Galea-Lauri et al., 2002; van den Ancker et al., 2011) . Fusion of DCs with AML cells also seems to be superior to loading with lysed or apoptotic leukemic cells (GaleaLauri et al., 2002; Klammer et al., 2005) , although one report found no clear difference in functionality between lysate-pulsed DCs and AML-DC fusion hybrids (Weigel et al., 2006) . The use of leukemiaderived exosomes and apoptotic blebs also seems to be superior to pulsing with lysates (Gu et al., 2015) and apoptotic tumor cells (Ruben et al., 2014) , respectively. A relatively new method for antigen loading of DCs involves the use of antigen-containing synthetic nanoor microparticles ). This strategy not only allows for delivering antigen but also for providing DCs with immunostimulatory adjuvants . Zhang et al. (2013) recently showed that polymeric microparticles containing both WT1 and the TLR9 agonist CpG can be used to generate DCs with potent capacity to stimulate WT1-specific antileukemic immunity. DCs can also be genetically modified to synthesize and express predefined tumor antigen(s), e.g., by using lentiviral vectors encoding a given tumor antigen (Sundarasetty et al., 2013) or by electroporating tumor antigen-encoding mRNA into the cells ). The latter technique has gained increasing popularity over the past decade (Gilboa and Vieweg, 2004) and has also been adopted in moDCbased vaccine trials in patients with AML (Anguille et al., 2012c) (Table 2 ). The attractiveness of the mRNA electroporation strategy lies in its demonstrated in vivo ability to induce a broad (i.e., multiepitope) leukemiaspecific immune response without the need for taking into account the human leukocyte antigen constitution of the patient; this is in contrast with tumor antigen peptide pulsing, which is restricted to a particular human leukocyte antigen .
Although each loading strategy has its own specific advantages and disadvantages, perhaps the most decisive argument for selecting a particular method is whether it allows for delivering the antigen in the context of both MHC class I and II molecules (Gilboa and Vieweg, 2004) . Indeed, the simultaneous presentation of MHC class I and class II epitopes to recruit both CD8 + and CD4 + T cells is considered to be a critical determinant for effective and long-lasting antitumor immunity (Wang, 2002) (Supplemental Video) . When DCs are pulsed with lysates or apoptotic tumor cells, the antigens will predominantly enter the exogenous, MHC class II-processing pathway; these antigen-loading methods rely on cross-presentation to enable class I presentation (Decker et al., 2006) .
Although cross-presentation has been shown to occur in vivo (Kitawaki et al., 2011a) , this process may not always be effective (Decker et al., 2006) . One way to overcome this is to combine different antigen-loading methods (e.g., pulsing with lysates in conjunction with mRNA loading) to allow the antigen(s) to access both the MHC class I-and II-processing pathways (Decker et al., 2009; Decker et al., 2006) . Another appealing strategy is to use tumor antigen-encoding mRNA that is appended with an MHC class II-targeting sequence of an endosomal/lysosomal protein, such as DClysosome-associated membrane protein .
9. Designer Dendritic Cells. The advent of electroporation technology and other genetic engineering methods has now also opened up the possibility to fine-tune the phenotype and function of DCs toward the desired immunostimulatory direction . DCs with an enhanced immunostimulatory profile can be obtained by genetically enforcing the expression of costimulatory molecules, e.g., OX40L (Yanagita et al., 2004) or the T H 1-polarizing cytokine IL-12 (Curti et al., 2005) (Fig. 2, inset) . Shortinterfering RNA technology has been used effectively to silence genes that have a negative impact on the immunostimulatory potency of DCs, e.g., genes coding for coinhibitory molecules, such as PD-L1/2 (Hobo et al., 2010 (Hobo et al., , 2013 , genes coding for suppressive cytokines, such as IL-10 ( Iversen et al., 2009; Iversen and Sioud, 2015) , or genes coding for signaling molecules regulating cytokine expression in DCs, such as signal transducer and activator of transcription-3 (Brady et al., 2013; Sanseverino et al., 2014) and suppressor of cytokine signaling-1 (Zhou et al., 2006) (Fig. 2, inset) .
10. Route of Administration. The classic parenteral routes of drug administration, e.g., intravenous, are conceptually less appropriate for DC vaccine administration, because DCs administered through these routes are not primarily distributed to their main site of action, the lymph node (Malik et al., 2014) . To enable delivery to the lymph node, DCs are usually administered by subcutaneous or intradermal injection nearby peripheral lymph nodes or by intralymphatic or direct intranodal injection (Pyzer et al., 2014) . A metaanalysis of clinical trials of DC-based immunotherapy in prostate cancer and renal cell cancer revealed that the choice of administration route may indeed influence the therapeutic efficacy, with lymph nodetargeting administration routes being superior over the intravenous route (Draube et al., 2011) . Nevertheless, intravenous DC vaccination has been reported to elicit durable clinical responses in melanoma (e.g., intravenously injected TriMix DCs) (Wilgenhof et al., 2013) and to prolong overall survival in prostate cancer (e.g., sipuleucel-T) (Kantoff et al., 2010) , allowing us to conclude that intravenous administration can be an effective route to deliver DC vaccines. Focusing on AML, most clinical trials of moDC-based vaccination have employed the intradermal administration route; only limited experience has been obtained with subcutaneous or intravenous DC vaccine administration in the context of AML (Table 2) . One study combined intradermal and intravenous administration in an attempt to target DCs to both the lymph nodes and the bone marrow (Kitawaki et al., 2011b) , which is the primary site in AML where high-avidity antileukemia T cells reside (Melenhorst et al., 2009 ). However, because of the small sample size of this study, it is impossible to conclude whether combined intradermal/ intravenous administration is superior over intradermal administration alone from a clinical standpoint.
B. Enhancing the Strength of the Antitumor Immune Effector Cells (Condition Number 2)
For any DC strategy to be effective, it is imperative that the immune cells of the host are responsive to stimulation and functionally capable of mediating tumor rejection (Mellman et al., 2011) . However, very often the functioning of the immune system is disturbed in cancer patients (Finn, 2012) . This observation also applies to patients with AML, who frequently have a compromised immune status that prevents them from mounting protective antileukemic immune responses (Anguille et al., 2011a; Schurch et al., 2013) . For instance, patients with AML often spontaneously develop leukemia-specific CTLs (Anguille et al., 2012b) , but these are every so often anergic (Narita et al., 2001; Beatty et al., 2009 ) or dysfunctional (Le Dieu et al., 2009 Florcken et al., 2013) and thereby fail to recognize and kill their targets. Similarly, at the innate immunity level, NK cells of AML patients are often functionally disabled (Lion et al., 2012b) . This impaired immune competence can dramatically hamper the efficacy of DC therapy in patients with AML. Therefore, to maximize the chance of treatment success, future DC studies for AML must not only focus on enforcing the intrinsic immunostimulatory properties of the DCs used in the therapeutic formulation, but also on harnessing the capacity of the patients' immune cells to respond to DC stimulation and to properly perform their cytotoxic effector functions against AML cells.
1. Enhancing T-Cell-Mediated Antitumor Immunity. The adaptive immune response against cancer can be harnessed by modulating the signals that govern T-cell stimulation or inhibition at the DC/T-cell immunologic synapse (Vasaturo et al., 2013) (Fig. 2, inset) . Although in some studies the focus has been on engaging costimulatory pathways to enhance T-cell function (Houtenbos et al., 2007) , most research is aimed at targeting immune checkpoint pathways, such as the B7/CTLA-4 axis and the PD-1/PD-L axis (Vasaturo et al., 2013; Anguille et al., 2014; Datta et al., 2014) . 744 a. Cytotoxic T-lymphocyte antigen-4. Combining DC therapy with CTLA-4 blockade represents an appealing strategy to potentiate DC vaccine-induced T-cell immunity Datta et al., 2014) . Zhong et al. (2006) showed that the concomitant use of an mAb against CTLA-4 enhances the in vitro capacity of DCs to induce functional CTL responses against AML cells. The feasibility of using the anti-CTLA-4 mAb ipilimumab in patients with hematologic malignancies, including AML patients, was recently confirmed (Bashey et al., 2009) . It is important, however, to mention that ipilimumab treatment is associated with a high percentage of immune-related adverse events . Furthermore, conflicting data exist regarding the effect of ipilimumab on T reg cells with some studies showing inhibition of T reg cells and other studies showing T reg cell proliferation (Kavanagh et al., 2008) .
b. Programmed death-1. A similar approach revolves around the use of DCs in combination with therapeutic blockade of the PD-1/PD-L coinhibitory pathway . Blockade of PD-1 on T cells has been shown to promote the capacity of DCs to stimulate leukemia antigen-specific T cells . The observed promotion of antileukemic immunity after interference with the PD-1/PD-L signaling pathway is not only due to enhanced activation of effector T cells but also in part due to reducing T reg cell numbers and attenuating their immunosuppressive activity (Ge et al., 2009; Zhou et al., 2010) . A phase II clinical trial investigating the combined use of DC therapy with the anti-PD-1 mAb pidilizumab (CT-011; CureTech, Yavne, Israel) is currently underway in remission patients with AML (Rosenblatt et al., 2011) . A clinical trial of PD-L1/ 2-silenced DC vaccination in combination with donor lymphocyte infusions for the treatment of post-transplant leukemia relapse has also been registered (CCMO identifier, NL37318) .
c. B and T lymphocyte attenuator. Although CTLA-4 and PD-1 are by far the best characterized T-cell coinhibitory molecules, other negative regulators of Tcell function, such as BTLA, have been identified (Fig. 2, inset) . BTLA, which belongs to the same family of coinhibitory receptors as CTLA-4 and PD-1, has been implicated in the functional inhibition of tumor antigen-specific T cells . As demonstrated for PD-1, blockade of BTLA has been shown to enable in vitro expansion of leukemia antigen-specific T cells upon DC stimulation . In contrast to CTLA-4 and PD-1, mAbs targeting BTLA have not yet entered the clinical trial arena .
d. Immunosuppressive cells. Another attractive way to empower the antitumor effector response is to inhibit immunosuppressive cell populations, such as T reg cells and myeloid-derived suppressor cells (MDSCs) . T reg cells, which occur with increased frequency in patients with AML, are well known to have suppressive effects on DCs as well as on CTLs and NK cells and thus constitute an important barrier to effective DC-based immunotherapy (Ustun et al., 2011; Anguille et al., 2014; Chiang et al., 2015; Vasaturo et al., 2015) . In a murine AML model, Delluc et al. (2009) observed that T reg depletion facilitates the induction of antileukemic immunity by subsequent DC immunization, providing a strong rationale for implementing T reg -targeted therapy in DC-based immunotherapy programs (Ustun et al., 2011) . Depletion or blockade of T reg cells can be achieved with a variety of pharmacological agents, including but not limited to the anti-CD25 mAb daclizumab (Zinbryta; Biogen Idec, Cambridge, MA/ AbbVie, North Chicago, IL), the IL-2 immunotoxin denileukin diftitox (Ontak; Eisai Medical Research), low-dose cyclophosphamide or IDO inhibitors such as 1-methyl-tryptophan (Ustun et al., 2011; Anguille et al., 2014) . Several of these agents are available for clinical use and are currently being tested in AML patients (Ustun et al., 2011) .
MDSCs, a heterogeneous population of immature myeloid cells with immunosuppressive properties, have recently drawn increasing attention as potential targets for improving the efficacy of DC-based cancer immunotherapies Vasaturo et al., 2015) . Although the precise role and significance of these cells in AML remains largely elusive (Teague and Kline, 2013; De Veirman et al., 2014) , the number of MDSCs appears to be inversely correlated with clinical outcome in DC vaccine-treated AML patients , underscoring their potential importance.
2. Enhancing Natural Killer Cell-Mediated Antitumor Immunity. Although much focus is being placed on augmenting T-cell immunity, it is important not to lose sight of the important role of NK cells in antitumor immunity (Lion et al., 2012a,b) . As discussed above, the efficacy of DC therapy relies in part on the presence of a competent innate immune system Van Elssen et al., 2014) . In this context, NK cell activation after DC administration in AML patients has been shown to correlate with favorable clinical outcome Lion et al., 2012a) . In view of this, it is likely that the efficacy of DC-based immunotherapy can be further improved by harnessing the NK-cell stimulatory potential of DCs or by combining DCs with therapies that potentiate NK-cell immunity (Anguille et al., 2011a . DCs can be endowed with the ability to stimulate NK cell cytotoxicity toward AML cells by using IL-15 instead of IL-4 during moDC differentiation and/or by using TLR ligands for inducing their maturation  Dendritic Cell-Based Cancer Immunotherapy Okada et al., 2015) . DCs genetically engineered to express NK cell-activating cytokines, such as IFN-a (Anguille et al., 2011b) , can also be used to harness the antileukemic activity of NK cells . Another conceptually attractive approach is to use these cytokines as adjuvants during DC therapy . IL-15, which recently became available for clinical use (Conlon et al., 2015) , may be of particular interest in this regard given its potent NK-cell stimulatory properties . In addition, IL-15 can sensitize AML cells for NK cell-mediated killing by upregulating activating NK cell receptors on the AML cell surface (Szczepanski et al., 2010) . Endogenous IL-15 is induced in AML patients after lymphodepleting chemotherapy and leads to in vivo expansion of NK cells (Miller et al., 2005; Bachanova et al., 2014) . This postchemotherapy surge in IL-15 provides a strong rationale for scheduling the administration of DCs in AML patients after the initial chemotherapy (Barrett and Le Blanc, 2010) .
C. Making Tumor Cells Susceptible to Immune Attack (Condition Number 3)
Whether DC-induced antitumor immunity will lead to cancer eradication ultimately depends on the strength of the immune system to overcome the various immune escape mechanisms used by the tumor cells Vasaturo et al., 2015) (Fig. 2) . AML cells also exploit a myriad of mechanisms to defend themselves against immune attack (Barrett and Le Blanc, 2010; Teague and Kline, 2013) . A comprehensive review on immune escape in AML has been provided elsewhere (Lion et al., 2012b; Teague and Kline, 2013 ) and will therefore not be discussed in detail here. In this section, we will only mention some examples of immune escape mechanisms for which treatment solutions are readily applicable and that can be targeted to synergistically enhance the efficacy of DC-based cancer immunotherapy in AML.
1. Targeting Programmed Death-1. One well recognized mechanism by which AML cells inhibit antileukemic immune responses is through expression of ligands for PD-1 (Zhang et al., 2009; Zhou et al., 2010; Teague and Kline, 2013) . As discussed in the previous section, PD-L1/2 provides an inhibitory signal to T cells during DC-T-cell interaction (Fig. 2,  inset) . Because PD-L1 can also be expressed on AML blasts and can be used by these cells to inhibit CTL function directly (Saudemont and Quesnel, 2004) as well as indirectly via T reg cells (Zhou et al., 2010) , conjoint targeting of the PD-1/PD-L pathway can help to improve the efficacy of DC therapy on three fronts: 1) by favoring effective antigen presentation at the DC-T-cell immunologic synapse, 2) by restoring AMLinduced suppression of CTL function, and 3) by counteracting T reg cells.
2.
Targeting Indoleamine 2,3-Dioxygenase. Another example of an immunosuppressive molecule that can be expressed by both DCs and AML cells is IDO (Curti et al., 2007 (Curti et al., , 2010 Chamuleau et al., 2008; Sorensen et al., 2009; Teague and Kline, 2013) (Fig. 2) . In view of its central role in T reg biology, targeting IDO has been proposed as an attractive strategy to overcome T reg -mediated immune escape in AML (Ustun et al., 2011; Teague and Kline, 2013; Arpinati and Curti, 2014) . A clinical trial using the IDO inhibitor 1-methyl tryptophan in combination with DC therapy was recently initiated for patients with metastatic breast cancer (ClinicalTrials.gov identifier: NCT01042535). It should, however, be taken into account that the adaptive immune system can react against IDO-expressing tumor cells by targeting IDO (Sorensen et al., 2009 ). Indeed, spontaneous T-cell responses against IDO have been detected in cancer patients, and these IDO-reactive CTLs have been shown capable of killing IDOexpressing AML blasts (Sorensen et al., 2009) . From a theoretical point of view, IDO inhibitors could thus have a negative impact on antileukemic immunity. Other T reg -targeting strategies may therefore be preferred.
3. Targeting CD200. The CD200 surface molecule was recently recognized as a key mediator of immune escape in AML (Martner et al., 2013) . CD200 contributes to AML-induced immunosuppression through a multifaceted mode of action, which includes active inhibition of T H 1 responses (Coles et al., 2012a) , induction of T reg cells (Coles et al., 2012b) , and suppression of NK cell function (Coles et al., 2011) . In an in vitro study of AML, Memarian et al. (2013) showed that abrogation of CD200/CD200R interaction enhances the T-cell-stimulatory capacity of DCs. These observations provide a compelling rationale for combining DC vaccination with anti-CD200 agents. Samalizumab (Alexion Pharmaceuticals, Cheshire, CT), an anti-CD200 mAb, is currently under investigation in a phase I clinical trial in patients with chronic lymphocytic leukemia and multiple myeloma (Mahadevan et al., 2010) , but, to the best of our knowledge, has not yet been studied in the context of AML or in combination with DC therapy.
4. Mobilizing Acute Myeloid Leukemia Cells from Immune-Privileged Bone Marrow Niches. AML cells are also capable of hiding from immune detection, at least in part by residing in immune-privileged bone marrow niches (Barrett and Le Blanc, 2010; Peled and Tavor, 2013) . One conceptually attractive strategy to increase their visibility to the immune system is to mobilize AML cells out of these protective bone marrow niches (Zeng et al., 2009; Uy et al., 2012) . Antagonists for C-X-C chemokine receptor type-4 (CXCR-4) can be used for this purpose as they disrupt the interaction between CXCR-4 expressed on AML cells with stromal cell-derived factor-1a expressed on bone marrow stromal cells (Zeng et al., 2009; Uy et al., 2012; Zhang et al., 2012; Peled and Tavor, 2013) . A recent phase I and II clinical study in AML patients has confirmed that plerixafor (Mozobil; Genzyme/Sanofi, Cambridge, MA), a CXCR-4 antagonist used for hematopoietic stem cell mobilization, can disengage AML cells from the bone marrow and increase their sensitivity to chemotherapy (Uy et al., 2012) . Histone deacetylase inhibitors, which are increasingly being used in the treatment of AML, may have a similar effect by repressing CXCR-4 expression in AML cells (Gul et al., 2010; Mandawat et al., 2010) .
5. Undoing Tumor Cells' Cloak of Invisibility. In addition to residing in protective bone marrow niches, AML cells are notorious for creating an "invisibility cloak" that prevents them from being recognized by T cells and NK cells (Teague and Kline, 2013) . Elements of this "invisibility cloak" include downregulation of leukemia antigen presentation, reduced expression of MHC and T-cell costimulatory molecules, or shedding of surface molecules involved in immune recognition and activation (e.g., NKG2D ligands) (Barrett and Le Blanc, 2010; Lion et al., 2012b; Teague and Kline, 2013) . These immune evasion mechanisms can clearly affect the efficacy of active specific immunotherapy approaches such as DC therapy. Therefore, strategies for potentiating immune recognition and destruction of AML cells may be exploited in combination with DC-based immunotherapy to increase its therapeutic activity . A number of pharmacological agents can be used for this purpose, including cytokines, TLR ligands, hypomethylating agents (e.g., azacitidine and decitabine), histone deacetylase inhibitors, and kinase inhibitors (for references, see Table 3 ).
6. Reducing Tumor Burden. Finally, AML cells may not only evade the immune system by hiding from immune recognition but also by being present in such large numbers that the immune system is simply outweighed (Emens and Jaffee, 2005; Drake, 2010; Schlom, 2012) . This provides a compelling rationale to first reduce the tumor burden with conventional chemotherapy before applying immunotherapy strategies, such as DC therapy. Support for this concept has been obtained in different tumor models (Choudhury et al., 2006; Drake, 2010; Schlom, 2012) , including AML, where the administration of DCs after standard remission induction chemotherapy (i.e., in the setting of minimal residual disease) has shown encouraging results . Although chemotherapy is traditionally being considered to be immunosuppressive (e.g., by tilting the balance between antitumor immune effector cells and T reg cells in favor of the latter) , many chemotherapeutic agents used for AML appear to have paradoxical immune-potentiating effects (Obeid et al., 2007; Liseth et al., 2010; Wemeau et al., 2010; Cytokines (e.g., interferon-a)
• Immunogenic cell death (Rizza et al., 2015) • ↑ DC activation and function (Anguille et al., 2011b) • ↑ MHC and/or costimulatory molecule expression (Anguille et al., 2011b) • ↑ direct antileukemic cytotoxicity of DCs • ↑ AML antigen expression expression (Anguille et al., 2011b) • ↑ activity of T cells and NK cells (Anguille et al., 2011b ) TLR ligands [e.g., poly(I:C), R-848]
• Immunogenic cell death (Smits et al., 2007; Lion et al., 2011) • ↑ DC activation and function (Smits et al., 2007; Lion et al., 2011) • ↑ MHC and/or costimulatory molecule expression (Smits et al., 2007) Ven et al., 2012) . For example, cytarabine and anthracyclines (the two standard chemotherapeutic agents in AML) cause AML cells to undergo immunogenic apoptosis (Wemeau et al., 2010; Fredly et al., 2011) , thereby favoring the development of antileukemia immunity (Barrett and Le Blanc, 2010; Rezvani et al., 2012) . These observations provide strong support for the concept of chemoimmunotherapy in AML. DCbased vaccination strategies are also being increasingly applied in the context of allogeneic hematopoietic stem-cell transplantation for AML to boost the graftversus-leukemia reaction. The reader is referred to Plantinga et al. (2014) for an update on DC-based immunotherapy in the postallogeneic hematopoietic stem-cell transplantation setting.
IV. Conclusions
Because they lie at the heart of the immune system's ability to recognize and eliminate cancer cells, DCs have attracted a great deal of interest for antitumor immunotherapy in recent decades (Palucka and Banchereau, 2012; Anguille et al., 2014) . Current efforts in the field of DC-based cancer immunotherapy are geared toward identifying the key factors responsible for therapeutic success/failure to unleash the full clinical potential of DCs for cancer immunotherapy (Kirkwood et al., 2012; Anguille et al., 2014; Chiang et al., 2015) . AML can be a good study model for this purpose, in particular because it allows us to examine the efficiency of this form of immunotherapy in a low tumor burden context (i.e., in the setting of minimal residual disease), which is probably the most appropriate clinical situation to apply immunotherapy (Gulley et al., 2011) . In recent years, many efforts have been made to refine and optimize the protocols for DC manufacturing (condition no. 1), but, at the same time, we should be aware that therapeutic success is likely not to result from a single intervention. The future of DC therapy lies in combining this form of active specific immunotherapy with other therapies to increase the antitumor activity of the immune effector cells (condition no. 2) and to overcome the myriad of immune escape mechanisms used by cancer cells (condition no. 3) Chiang et al., 2015) . The past decade has witnessed the advent of a new generation of DC vaccines with improved potency. This, together with the ever-expanding portfolio of immunomodulatory and immune-potentiating therapies available for combinatorial use, may allow us to conclude that we now stand on the brink of realizing the true potential of DCs for cancer immunotherapy.
